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Abstract 
In musculoskeletal modelling, several optimization techniques are used to calculate muscle 
forces, which strongly influence resultant hip contact forces (HCF). The goal of this study 
was to calculate muscle forces using four different optimization techniques, i.e. two different 
static optimization techniques, computed muscle control (CMC) and the physiological inverse 
approach (PIA). We investigated their subsequent effects on HCFs during gait and sit to stand 
and found that at the first peak in gait at 15-20% of the gait cycle, CMC calculated the highest 
HCFs (median 3.9 times peak GRF (pGRF)). When comparing calculated HCFs to 
experimental HCFs reported in literature, the former were up to 238% larger. Both static 
optimization techniques produced lower HCFs (median 3.0 and 3.1 pGRF), while PIA 
included muscle dynamics without an excessive increase in HCF (median 3.2 pGRF). The 
increased HCFs in CMC were potentially caused by higher muscle forces resulting from co-
contraction of agonists and antagonists around the hip. Alternatively, these higher HCFs may 
be caused by the slightly poorer tracking of the net joint moment by the muscle moments 
calculated by CMC. We conclude that the use of different optimization techniques affects 
calculated HCFs, and static optimization approached experimental values best.  
 
Keywords 
Hip contact forces, gait, sit to stand, static optimization, optimization techniques.  
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Introduction 
The hip contact force (HCF) is a relevant measure of joint loading. Changes in HCF have 
been related to osteoarthritis (OA) of the hip and knee
1,2
. However, experimental 
measurement of HCFs is not trivial and relies on the use of instrumented prostheses in hip 
arthroplasty patients
3,4
. Therefore, data collection is limited to a selected group of patients 
who underwent total hip surgery, resulting in a relatively small and specific dataset. 
Alternatively, musculoskeletal models in combination with dynamic simulations of motion 
have been used to calculate muscle forces and joint contact forces, so that larger populations 
comprising both healthy and diseased subjects can be studied.  
The calculation of joint contact forces relies on the use of musculoskeletal models in 
combination with an optimization procedure to determine the muscle force distribution
5–8
. 
The resulting calculated joint forces have previously been validated using instrumented 
prostheses
3,6–8
. Most analyses use a static optimization (SO) technique to calculate muscle 
forces. SO uses an inverse dynamics approach: joint moments are used as a constraint to 
calculate individual muscle forces that satisfy the moment equilibrium at each time frame by 
minimizing muscle activation or muscle stress. As such, this method is a simplification of 
muscle physiology and does not account for muscle dynamics. Therefore, alternative methods 
were developed. Computed muscle control (CMC)
9
 combines a forward integration of the 
dynamic equations with a static optimization to compute muscle excitations and muscle forces 
respectively, and therefore complies with time dependency of force production. Alternatively, 
the physiological inverse approach (PIA) includes muscle activation and contraction 
dynamics to calculate muscle forces and optimizes performance globally over time
10
. Several 
authors have compared the effect of different optimization techniques on calculated muscle 
activations
10–12
 and compared them to experimentally measured electromyography (EMG) 
signals. Some have shown there is not much difference between static and dynamic 
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simulations
11
. Others show that PIA produces excitations and activations in closer agreement 
with the EMG signals
10,12
.  
However, the effect of specific muscle optimization techniques on calculated HCFs is not 
documented, while the optimization method and related boundary conditions used to calculate 
muscle forces can be assumed to strongly influence the calculated joint contact forces
13
. This 
effect of specific muscle optimization techniques on calculated HCFs is important to 
acknowledge when utilizing these forces as loading conditions in orthopaedic research 
applications, to study for example implant loading and bone adaptation
14–16
. Hence, the effect 
of the optimization technique on the output parameters is analysed, as this may influence such 
research applications. Therefore, the goal of this study was to quantify differences in 1) 
muscle forces and 2) the magnitude and orientation of the resultant HCFs when using four 
optimization techniques. Calculated HCFs were additionally compared against contact forces 
measured using instrumented prostheses (the HIP98 dataset
3
).  
Methods 
Movement analysis 
Five healthy subjects (age 56±3 yrs., range 52-61 yrs.; BMI 22.3±1.59, range 20.6-24.0), 2 
male and 3 female, were included in the study and signed informed consent. All subjects 
performed gait at self-selected speed (walking speed 1.28±0.13 m/s, range 1.1-1.4 m/s) as 
well as a sit to stand movement (sit to stand time 0.60±0.09 s, range 0.51-0.69 s) from an 
adjusted stool position imposing a 90° knee flexion angle. The sit to stand movement was 
defined from the moment of lift-off from the stool until the moment of minimal vertical 
ground reaction force after lift-off, i.e. just before standing upright
17
. A Plug-in-Gait marker 
set containing lower limb and trunk was used
18
 including a three-marker cluster on both upper 
and lower legs and one additional marker on both medial knees and ankles during the static 
trials. Thus, a total of 40 markers were included. 3D marker trajectories were captured using 
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Vicon (100 Hz, VICON, Oxford Metrics, Oxford, UK) and force data was measured using 
two AMTI force platforms (1500 Hz, Advanced Mechanical Technology Inc., Watertown, 
MA).  
Musculoskeletal Modelling 
The Gait2392 musculoskeletal model installed with OpenSim
19
 was used, which consists of 
12 segments, 19 degrees of freedom and 92 musculotendon actuators. Simulations and 
analyses were performed in OpenSim 2.4.0
19
. To calculate HCFs, the model was first scaled 
based on the marker locations in a static pose. The scaled model was then used for an inverse 
kinematics procedure based on measured 3D marker trajectories to determine the kinematics 
of the movement. Subsequently, a residual reduction algorithm (RRA)
20
 was applied, which 
minimizes the dynamic inconsistency between ground reaction forces and whole body 
kinematics introduced by errors in modelling and marker kinematics. This inconsistency is 
compensated by changing the kinematics and by adjusting the mass of the segments and the 
centre of mass of the torso. Since RRA is only applicable if ground reaction forces, exerted on 
both feet, are available, the gait cycle was restricted from toe off of the left leg until heel 
strike of the right leg. 
To calculate muscle forces, four different methods were used. First, we used the static 
optimization procedure as provided in OpenSim (SO1)
11
. Muscle forces at each time instance 
of the movement are calculated while minimizing the instantaneous total squared muscle 
activation. A quadratic optimization criterion was adopted, since this has shown to produce 
the best agreement between EMG and muscle forces and reliably predict measured hip contact 
forces
21
. This method further includes muscle force-length-velocity relationships and reserve 
actuators that are activated whenever the total muscular moment is insufficient to balance the 
net joint moment. A second static optimization procedure (SO2) was developed in-house, 
based on Lenaerts et al.
5
. This optimization uses a cost function similar to SO1, but adds 
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constraints to the cost function to impose a physiological increase and decrease of muscle 
activation in time. In addition to the work of Lenaerts et al.
5
,
 
passive muscle forces were 
accounted for following the work of Rodrigo et al.
22
. Thirdly, we used CMC
9
 which combines 
a static optimization with feedforward and feedback controls to calculate muscle excitations, 
and subsequent muscle forces. As this method is based on a forward simulation, the time 
dependency of the activation and contraction dynamics is explicitly accounted for. Fourthly, 
we applied the PIA
10
, which globally optimizes squared muscle activations over the complete 
movement cycle while imposing muscle activation and contraction dynamics. The objective 
functions for all methods are provided in appendix A. The muscle forces were normalized to 
body weight and compared between the four methods. At the first and second peak, the 
magnitudes of the muscle forces were summed to indicate the total muscle load calculated by 
the optimization techniques. 
Finally, for the four methods, HCFs of the right leg were calculated using the JointReaction 
analysis in OpenSim
23
. The time history of model-based HCFs as well as muscle activations 
and forces are provided in the supplementary material. 
Validation of the muscle activations 
During all trials, the EMG activity of the mm. tensor fasciae latae, rectus femoris, biceps 
femoris, medial hamstrings, gluteus maximus and the posterior, medial and anterior bundles 
of the m. gluteus medius were recorded using a wireless EMG system (Zero-wire EMG, 
Aurio, Milan, Italy). After appropriate skin cleaning, disposable surface electrodes (Pre-gelled 
Nutrode mini P10M0, 30 mm diameter, GE Medical Accessories Europe) were placed 
following the SENIAM guidelines
24
 and based on manual palpation. EMG signals were band 
pass filtered (4
th
 order, zero-lag Butterworth filter, cut-off-frequency between 20 and 400 Hz), 
rectified and then low pass filtered (4
th
 order, zero-lag Butterworth filter, cut-off frequency of 
10 Hz)
23
. All signals were normalized to their maximum in the gait cycle or sit to stand 
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movement. The muscle activations were calculated using the four optimization methods and 
compared to the measured EMG signals.  
Validation of the hip joint contact forces 
The calculated HCFs were evaluated against contact forces measured in four subjects (age 
62±11 yrs., range 51-78 yrs.; BMI 29.0±2.65, range 26.2-32.6) with instrumented hip 
implants (HIP98)
3
 during walking (walking speed 1.18±0.12 m/s, range 1.08-1.35 m/s) and 
rising from a chair (sit to stand time 0.81±0.03s, range 0.76-0.82s).  
Data Analysis 
For each of the four optimization methods the magnitude of the resultant HCFs were 
calculated per subject, both for gait and sit to stand. HCFs were normalized to body weight 
(BW) for comparison between optimization techniques. For comparing with HIP98, HCFs 
were normalized to the peak in ground reaction force (pGRF)
25
 to better accommodate for 
differences in gait dynamics between subjects. The contact forces were subsequently averaged 
over the subjects by calculating ‘typical signals’
26
. This was done for the minimum, 
maximum, 25
th
 and 75
th
 percentile, median and average of the normalized resultant forces of 
the five subjects, respectively. Similarly, typical signals were calculated for the HCFs 
measured in the four HIP98 subjects. 
During normal gait, the HCF measured in instrumented prostheses shows two peaks, i.e. at 
15-20% of gait cycle (first peak) and at 45-55% of gait cycle (second peak). Muscle forces 
were compared between optimization techniques at these two peaks in gait and at the peak in 
sit to stand. Subsequently, the difference between HIP98 and the calculated HCFs at these 
peaks was determined. Furthermore, the 3D orientation of the HCF was averaged over 
subjects and compared with the orientation of the typical signal in the HIP98 dataset.  
Results 
Hip contact forces 
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For gait trials, the CMC contact forces were highest throughout the entire gait cycle (Figure 
1A). The other optimization techniques resulted in rather similar HCF patterns, especially 
during stance phase. During swing phase, a more distinct difference was seen with the lowest 
average HCF for SO1 (Figure 1A). At the first peak, the contact forces calculated using CMC 
was highest (median of 3.9 pGRF), while both static optimizations were closest to HIP98 
forces (median of 3.0 and 3.1 pGRF for SO1 and SO2, respectively; Figure 2A). The PIA 
calculated contact forces close to SO1 and SO2 (median of 3.2 pGRF). At the second peak 
(Figure 2B), again HCFs were highest when using CMC (median of 5.6 pGRF). All 
optimization techniques tended to overestimate the HCF compared to the measured forces 
(Figure 1B, Table 1). 
The 3D orientation angles of the calculated HCFs were very similar, but they differed from 
the HCF described in HIP98. At both peaks in the gait cycle, calculated HCFs generally 
resulted in a more anterior and medial loading compared to the HIP98 data (Figure 3 A and 
B). 
For sit to stand trials, the use of CMC induced the largest HCF (Figure 4A, Table 1). When 
using both SO techniques, peak contact forces, just after lift-off, were closest to the measured 
HIP98 data (median of 4.7 and 5.3 pGRF for SO1 and SO2, respectively; Figure 5). HCFs 
resulting from PIA were only slightly lower than for CMC at the peak (median of 5.6 and 5.9 
pGRF respectively), but were closer to measured data in the second part of the movement 
(Figure 4B). The calculated orientation angles showed that HCFs presented a more anterior 
and lateral loading than in HIP98 (Figure 3C). The use of PIA resulted in an orientation angle 
that was most comparable to HIP98.  
Muscle forces 
The sum of the magnitudes of the muscle forces calculated by CMC was higher than for other 
optimization techniques at both HCF peaks during walking and at the HCF peak during sit to 
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stand (Figure 6). Muscle forces calculated by PIA are slightly lower during gait and more 
comparable to SO1 and SO2 in sit to stand. At the second peak in gait the total muscle force 
found for CMC was up to 22% larger compared to SO2. Specifically, the force calculated for 
the bundles of the gluteus maximus (first peak) and medius (second peak) were higher for 
CMC.  
Appendix B shows the results of a qualitative comparison between the average normalized 
EMG activation patterns and the average muscle activation patterns calculated using the 
different optimization techniques. 
Discussion 
This study compared muscle forces and the subsequent HCFs calculated using four different 
optimization techniques. CMC calculated the largest sum of muscle forces for both gait and 
sit to stand while particularly SO2 calculated lower forces (Figure 6). The same trend was 
seen in the calculation of the HCFs; both static optimization techniques showed the lowest 
HCFs. The additional constraints to include a physiological increase and decrease of muscle 
activation in time and the inclusion of passive muscle forces (SO2) did not majorly affect the 
HCFs compared to a standard SO formulation (SO1, Figure 1A). In contrast, HCFs increased 
drastically when using CMC (Figure 1A). The agreement in HCF between SO techniques and 
PIA shows that the activation and contraction dynamics can be integrated without inducing an 
excessive overestimation of the HCFs as observed by CMC.  
There may be two causes for the increased muscle force production found for CMC relative to 
other optimization techniques. First, the higher muscle forces may reflect co-contraction of 
agonists and antagonists to satisfy the 3D joint moments around the hip, which may explain 
the increased HCFs found for this method. More specifically, a post-hoc analysis of the 
muscle moments of the primary muscles acting around the hip joint confirmed these co-
contractions, particularly at the second peak in gait (Figure 7B). At this time instant, an 
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internal hip abduction and flexion moment is present. The recruitment of the bundles of the 
gluteus medius muscle induces this hip abduction moment, but also produces a hip extension 
moment. Therefore additional contraction of the mm. iliacus and psoas is induced to deliver 
the required hip flexion moment. Although this co-contraction is seen in all optimization 
techniques, for both peaks in gait (Figure 7A and B) and sit to stand (Figure 7C), the effect is 
largest for CMC. This may be explained by the fact that passive muscle forces and muscle 
dynamics are accounted for. More specifically, muscle forces cannot change instantaneously 
due to activation and contraction dynamics and hence force build-up in the agonists will 
coincide with force build-off in the antagonists.  
The second possible cause for the increased muscle and contact force found by CMC could be 
the fact that this implementation allows for calculating a muscle generated moment that 
deviates slightly more from the moment necessary to counteract the net joint moments. This 
results in a larger difference between the muscle generated moments and net joint moments, 
mainly in the frontal and sagittal planes (Figure 8). Although defined in different manners, all 
optimization techniques allow for a deviation from the net joint moment. Largest deviations 
were found for CMC, mainly for abduction. This might be explained by the feedforward and 
feedback controls imposed by CMC for tracking the kinematics combined with the 
physiological constraints on muscle force rise and decay which cause increased muscle 
generated moments around the hip.  
HCFs calculated using CMC deviated most from other optimization techniques, especially 
during gait trials (Figure 1B). Since the input (musculoskeletal model, kinematics and ground 
reaction forces) was identical for all of the optimization procedures, the differences in the 
resulting HCFs must be attributed to the different optimization techniques. However, all 
techniques systematically overestimated the magnitude of the HCFs as compared to those 
measured using instrumented prostheses
3
. In addition to overestimated magnitudes, the 
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calculated contact forces showed a more out of plane loading of the hip joint in the frontal 
plane, i.e. a more anterior loading (Figure 3). These differences with the HIP98 data may have 
arisen from modelling choices that were made before the optimization step, since there are 
many parameters in musculoskeletal models, e.g. attachment points, number of muscles in the 
model and muscle parameters, that affect the estimated muscle forces and the consequential 
effect on the HCF. Hence, further research is warranted to unravel the complexity of these 
issues to obtain more robust and reliable musculoskeletal predictions.  
Additional contraction was seen in all optimization techniques, for both peaks in gait and sit 
to stand, which may partly explain the overestimation on HIP98. The optimization procedures 
solve the redundancy problem by minimizing the total of the squared muscle activations after 
the joint moment equilibrium at the hip and other joints of the lower limb have been satisfied. 
The resulting co-activations will contribute to the overestimation of the contact forces
27
. 
Specifically at the second peak in gait, large opposing moments are found in the sagittal and 
transversal planes (Figure 7B). At the first peak in gait, only mm. rectus femoris and tensor 
fasciae latae opposed the required extension moment (Figure 7A) which may explain why 
HCF overestimations were lower at this time instance. Also for sit to stand overestimations of 
HCFs were lower compared to the first peak in gait, as none of the recruited muscles opposed 
the external flexion moment (Figure 7C).  
The overestimation of joint contact forces has been described before. Klein Horsman
28
 
compared one young and healthy subject with the HIP98 data, using inverse forward dynamic 
optimization
29
 and an energy related criterion
30
 and found that the second peak was 200% 
larger than the measured HCF. Although a different muscle optimization technique was used, 
the magnitude of the second peak was also much larger than the first peak, and comparable to 
the present study. Moreover, Mellon et al.
31
 found contact forces up to 229% larger than those 
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found by Bergmann et al.
3
, although this difference was not statistically significant. For sit to 
stand more comparable results were found. 
In contrast, several other studies showed HCFs that are closer to HIP98 data than those 
reported in the current study
6–8,25
, which may be attributed to different modelling choices. 
First of all, these simulations were based on the subjects from the HIP98 dataset
6–8
 and 
therefore differences between healthy subjects and the HIP98 patients were not applicable. 
Furthermore, Stansfield et al.
8
 used a static optimization which included a minimization of the 
contact forces. This additional criterion redistributes muscle forces to synergists without 
increasing the HCF. Heller et al.
6
 used a linear optimization that minimized the sum of muscle 
forces and limited the maximal muscle force. Furthermore, others showed that the number of 
muscles and lines of action in the musculoskeletal model affect the HCF
7
. Besides that, 
several studies included subject-specific information in their models. Martelli et al.
25
 included 
a subject that was body-matched to the cadaver from which a subject-specific model was 
created. Alternatively, CT images have been used to further personalize the model
8,31
. 
Comparing these studies to the results in the current work show that musculoskeletal 
modelling involves many steps starting from kinematic and kinetic measurements, the choice 
of a musculoskeletal model, adapting that model to the subject-specific anatomy and the 
choice of an optimization criterion. All these steps have a major effect on the end results, 
however, in this study we only focussed on the potential effects of the choice of optimization 
technique. 
When interpreting the results of this study, a number of limitations should be taken into 
account. The calculated muscle activations compared only moderately to experimental EMG 
for both gait and sit to stand (appendix B), which has been reported in previous research as 
well
10–12
. However, since only very few muscles around the hip can be appropriately 
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measured using surface EMG, the comparison of activation to EMG signals can only partially 
reflect the effect of the optimization techniques.  
As a second limitation, we used experimental data from healthy subjects to calculate HCFs 
and compared these to an average HCF measured in four patients with instrumented 
prostheses. Consequently, observed differences between measured and calculated HCFs may 
partially result from subject characteristics. First, gait speeds in our population of control 
subjects were higher than in the normal walking trials in HIP98 (1.28 m/s vs. 1.18 m/s), which 
can lead to increased contact forces
3
. Second, hip moments were generally lower in the HIP98 
patients than in our healthy control subjects, mainly around 50% of the gait cycle (in hip 
flexion 3.5 vs. 6.7 %BW*m and in hip adduction 6.5 vs. 7.2 %BW*m). These higher external 
moments determine the muscle forces that need to be produced to satisfy the moment 
equilibrium and therefore influence the HCF. A fairer comparison would have been to 
calculate the HCFs using the experimental data made available via Orthoload
32
 and compare 
them with their measured HCFs. However, the restricted number of experimental markers 
made the calculation of the joint angles highly sensitive to the marker definition in the model, 
which could only be partially reproduced based on the a ailable documentation.  
In conclusion, this study showed that the calculation of hip contact forces was sensitive to the 
optimization method used to calculated muscle forces. Both SO techniques produced results 
closest to measured HCFs, while CMC calculated the highest HCFs. PIA showed that 
activation and contraction dynamics can be included in the optimization without excessively 
increasing contact forces. However, other modelling choices had a distinct effect on the 
calculated loads as well, although identification of these factors was not within the scope of 
this study. Further research is therefore required to assess the effects of other modelling steps 
to come to a valid and robust prediction of muscle and joint contact forces in the lower limb. 
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Tables 
Table 1. The range of differences between calculated HCF and HIP98 [%] among subjects at 
the first and second peak in gait and at the peak during sit to stand. HCFs were calculated 
using different optimization techniques and normalized to the peak in ground reaction force 
(pGRF) to account for the differences in gait dynamics between subjects. 
  SO1 SO2 CMC PIA 
Gait Difference with HIP98 at 
the first peak [%] 
4.5-56 3.6-47 46-88 12-69 
Difference with HIP98 at 
the second peak [%] 
56-162 62-139 120-238 72-187 
Sit to stand Difference with HIP98 at 
the peak [%] 
20-67 32-76 34-127 38-118 
 
Figure Legends 
Figure 1. A) Average hip contact forces (normalized to body weight (BW)) over the five 
subjects for gait calculated using different optimization techniques, shown from toe off of the 
left leg until heel strike of the right leg. Two peaks were defined, i.e. the first (at 15-20% of 
gait cycle) and second peak (at 45-55% of gait cycle). B) Calculated hip contact forces 
compared with experimental hip contact forces from HIP98. HCFs were normalized to the 
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peak in ground reaction force (pGRF) to account for the differences in gait dynamics between 
subjects. 
Figure 2. Distribution of hip contact force (normalized to the peak in ground reaction force 
(pGRF)) among subjects at the first (A) and second peak (B) during a gait cycle using 
different optimization techniques. The minimum, 25
th
 percentile, median, 75
th
 percentile and 
maximum values are shown. 
Figure 3. Direction of hip contact force (HCF) in the frontal and transverse planes calculated 
using different optimization techniques and measured in vivo (HIP98), at the first (A) and 
second peak (B) during gait and at the peak HCF during sit to stand (C). The force vectors of 
the different optimization techniques have a similar direction and are therefore difficult to 
distinguish. 
Figure 4. A) Average hip contact forces (normalized to body weight (BW)) over the five 
subjects for sit to stand calculated using different optimization techniques. B) Calculated hip 
contact forces compared with experimental hip contact forces from HIP98. HCFs were 
normalized to the peak in ground reaction force (pGRF) to account for the differences in 
motion dynamics between subjects. 
Figure 5. Distribution of hip contact force (normalized to the peak in ground reaction force 
(pGRF)) among subjects at the peak in sit to stand using different optimization techniques. 
The minimum, 25
th
 percentile, median, 75
th
 percentile and maximum values are shown. 
Figure 6. Calculated muscle forces and sum of the muscle forces (SUM MF) for the different 
optimization techniques for the first and second peak in gait (A and B respectively) and peak 
in sit to stand (C). The most active muscles spanning the hip joint are shown. The force 
delivered by other muscles is generally lower than 1N. 
Figure 7. Contribution of muscles to the hip moments at the first (A) and second (B) peak 
during gait and the peak in sit to stand (C). NJM is the net the joint moment calculated using 
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an inverse dynamics procedure, MMCON and MMOP are respectively the sum of muscle 
moments contributing to and opposing the net joint moment. Note the different scales on the 
vertical axes. 
Figure 8. Net joint moment (NJM) and the difference between absolute muscle generated 
moment and net joint moment for the different optimization techniques, e.g. the deviation 
from the net joint moment. When the net joint moment is satisfied by the optimization, the 
muscle moment and joint moment will be equal, i.e. the difference between muscle moment 
and net joint moment is zero.  
Page 19 of 37
John Wiley & Sons, Inc.
Journal of Orthopaedic Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
  
 
 
Figure 1. A) Average hip contact forces (normalized to body weight (BW)) over the five subjects for gait 
calculated using different optimization techniques, shown from toe off of the left leg until heel strike of the 
right leg. Two peaks were defined, i.e. the first (at 15-20% of gait cycle) and second peak (at 45-55% of 
gait cycle).  
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Figure 1. B) Calculated hip contact forces compared with experimental hip contact forces from HIP98. HCFs 
were normalized to the peak in ground reaction force (pGRF) to account for the differences in gait dynamics 
between subjects.  
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Figure 2A. Distribution of hip contact force (normalized to the peak in ground reaction force (pGRF)) among 
subjects at the first peak during a gait cycle using different optimization techniques.  
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Figure 2B. Distribution of hip contact force (normalized to the peak in ground reaction force (pGRF)) among 
subjects at the second peak during a gait cycle using different optimization techniques.  
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Figure 3A. Direction of hip contact force (HCF) in the frontal and transverse planes calculated using different 
optimization techniques and measured in vivo, at the first peak during gait. The force vectors of the different 
optimization techniques have a similar direction and are therefore difficult to distinguish.  
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Figure 3B. Direction of hip contact force (HCF) in the frontal and transverse planes calculated using different 
optimization techniques and measured in vivo, at the second peak during gait. The force vectors of the 
different optimization techniques have a similar direction and are therefore difficult to distinguish.  
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Figure 3C. Direction of hip contact force (HCF) in the frontal and transverse planes calculated using different 
optimization techniques and measured in vivo, at the peak HCF during sit to stand. The force vectors of the 
different optimization techniques have a similar direction and are therefore difficult to distinguish.  
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Figure 4. A) Average hip contact forces (normalized to body weight (BW)) over the five subjects for sit to 
stand calculated using different optimization techniques.  
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Figure 4. B) Calculated hip contact forces compared with experimental hip contact forces from HIP98. HCFs 
were normalized to the peak in ground reaction force (pGRF) to account for the differences in motion 
dynamics between subjects.  
146x98mm (300 x 300 DPI)  
 
 
Page 28 of 37
John Wiley & Sons, Inc.
Journal of Orthopaedic Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
  
 
 
Figure 5. Distribution of hip contact force (normalized to the peak in ground reaction force (pGRF)) among 
subjects at the peak in sit to stand using different optimization techniques.  
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Figure 6A. Calculated muscle forces and sum of the muscle forces (SUM MF) for the different optimization 
techniques for the first peak in gait. The most active muscles spanning the hip joint are shown. The force 
delivered by other muscles is generally lower than 1N.  
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Figure 6B. Calculated muscle forces and sum of the muscle forces (SUM MF) for the different optimization 
techniques for the second peak in gait. The most active muscles spanning the hip joint are shown. The force 
delivered by other muscles is generally lower than 1N.  
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Figure 6V. Calculated muscle forces and sum of the muscle forces (SUM MF) for the different optimization 
techniques for the peak in sit to stand. The most active muscles spanning the hip joint are shown. The force 
delivered by other muscles is generally lower than 1N.  
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Figure 7A. Contribution of muscles to the hip moments at the first peak during gait. NJM is the net the joint 
moment calculated using an inverse dynamics procedure, MMCON and MMOP are respectively the sum of 
muscle moments contributing to and opposing the net joint moment. Note the different scales on the 
vertical axes.  
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Figure 7B. Contribution of muscles to the hip moments at the second peak during gait. NJM is the net the 
joint moment calculated using an inverse dynamics procedure, MMCON and MMOP are respectively the sum 
of muscle moments contributing to and opposing the net joint moment. Note the different scales on the 
vertical axes.  
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Figure 7C. Contribution of muscles to the hip moments at the peak in sit to stand. NJM is the net the joint 
moment calculated using an inverse dynamics procedure, MMCON and MMOP are respectively the sum of 
muscle moments contributing to and opposing the net joint moment. Note the different scales on the 
vertical axes.  
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Figure 8. Net joint moment (NJM) and the difference between absolute muscle generated moment and net 
joint moment for the different optimization techniques, e.g. the deviation from the net joint moment. When 
the net joint moment is satisfied by the optimization, the muscle moment and joint moment will be equal, 
i.e. the difference between muscle moment and net joint moment is zero.  
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Review_Figure1. Contribution of muscles to the hip moments at the first (left) and second (right) peak 
during gait for SO2 using linear and quadratic optimization.  
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